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ABSTRACT 
This work investigates the catalytic performance and materials property of ternary metal oxides as 
Me0.25Sr0.25Cu0.5O (Me= Mg and Ce). The catalysts were tested for the heterogeneous degradation 
of orange II (OII) azo dye in aqueous solution in the dark at room temperature without any other 
reagents or energy/light irradiation. The MeSrCuO degraded more than 97% OII in the first 30 min, 
higher than that of binary metal oxides SrCuO (90.5%) or single metal oxides CeO2 (23.6%) and 
MgO (23.3%). The degradation pathway predominantly occurred by OII contacting the catalyst 
surface and resulting in the breakdown of azo bonds and the generation of electrons. Partial 
mineralization of OII dye occurred thus confirming the generation of radical species. Hence, 
electrons reacted with dissolved O2 in the OII aqueous solution, leading to the consecutive 
formation of reactive radical species (       
      
          ). Radical trapping experiment 
confirmed the presence of radical species. XPS analysis revealed part of Cu
2+
 underwent 
irreversible reduction after reaction due to the electron donation from OII with the accompanied 
increase in Cu
1+
 species in the spent samples. Cycling tests confirmed the reduction of the catalytic 
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activity, clearly indicating that Cu
2+
 was the active phase in MeSrCuO for the degradation of OII 
dye. 
 
Keywords: OII degradation; dark conditions; ternary metal oxides; copper oxides. 
 
1. Introduction 
Water pollution is a global environmental challenge with 17-20% of industrial water pollution 
related to effluents such as textile dyeing [1]. Of particular concern is the impact associated with the 
discharge of azo dyes on [2]. To address this problem, 
 in advanced oxidation process (AOPs) has been widely 
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are emerging catalysts for dye degradation applications
  
4 
 
Mg and Ce) is studied in terms of composition-  and 
catalytic degradation of OII. The catalytic activity of the synthesized materials for OII degradation 
was evaluated in the dark, at room temperature without any other reagents or energy/light. The 
intrinsic physiochemical properties and the catalytic activity were correlated to a number of 
materials properties derived from spectroscopy analysis such as XRD, SEM and XPS. The nominal 
term MeSrCuO is used as a compound which may represent a pure ternary compound, or a mixture 
of binary and single metal oxides.
 
2. Experimental 
2.1 Materials and Characterization 
All chemicals were of either HPLC or analytical grade and used as received. Cu(NO3)22.5H2O, 
Ba(NO3)2 and Sr(NO3)2 were purchased from Alfa Aesar. Mg(NO3)26H2O, Ce(NO3)36H2O, citric 
acid monohydrate, ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA-2Na) and 
aqueous ammonia solution (30% v/v) were supplied by Chem-Supply Pty Ltd.. 
Ethylenediaminetetraacetic acid (EDTA) and potassium iodide (KI) were procured from Ajar 
FineChem Pty and silver nitrate and Orange II (OII, max=485 nm) from Sigma-Aldrich. Distilled 
water was used as the solvent to prepare all solution samples. 
 
Me0.25Sr0.25Cu0.5O (as MeSrCuO) were prepared by an EDTA-citric acid sol-gel method [16]. 
Briefly, stoichiometric nitrate salts, ammonium hydroxide, and citric acid were dissolved into 
distilled water under magnetic stirring prior to heating treatment for the formation of viscous sol-gel, 
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which was further sintered to obtain the desired solid sample. A blank sample containing no Me 
(Mg and Ce) was prepared as Sr0.5Cu0.5O (as SrCuO) using the same procedure as described above 
for catalytic performance comparison purpose. A field emission scanning electron microscope (FE-
SEM, JEOL JSM-7001F) was used to examine the morphology and microstructure features. X-ray 
diffraction (XRD) patterns were obtained using X-ray powder diffraction (D8 Advance, Bruker, 
USA) with Cu K radiation (=1.5406 Å) to determine the crystal structure. BET specific surface 
area was calculated based on nitrogen adsorption-desorption data on a Micromeritics TriStar 3000 
apparatus. X-ray photoelectron spectroscopy (XPS) measurements were performed in an ultrahigh 
vacuum on X-ray photoelectron spectrometer (Kratos Axis ULTRA) with a monochromatic Al K 
source (hv=1486.6 eV) to analyze the chemical composition and chemical valence of pristine and 
spent catalysts. All XPS data were analyzed using CasaXPS software and corrected using the 
maximum of the adventitious C 1s signal at 284.8 eV. Fourier transform infrared (FTIR) 
spectrophotometer (IRAffinity-1, Shimadzu) was employed to characterize the surface properties of 
the spent catalysts and OII. 
 
2.2 Catalysis 
The catalytic activity of as-synthesized materials was evaluated using OII azo dye as the model 
organic pollutant to simulate industrial dye-containing wastewater. The tests were performed in the 
dark at 20 °C without any other reagent and/or energy or light irradiation. The dark environment 
was maintained using the Erlenmeyer flask (250 mL) covered with aluminum foil. The reaction was 
initiated by adding a certain amount of as-prepared materials into OII solutions under continuous 
magnetic stirring. Catalyst dosage was 1 g L
-1
 and initial dye concentration was 20 mg L
-1
. An 
aliquot of the reaction suspension was periodically taken and filtered using a 0.22 m Milipore 
syringe filter for optical spectroscopy analysis. A double beam UV-vis spectrophotometer (Evolution 
220, Thermo Fisher Scientific) was used to determine the concentration of solution samples with time. 
The analytical wavelength selected for optical absorbance measurement was 485 nm. Solid samples 
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were collected on a filter for further characterization. Blank test was conducted in the presence of 
SrCuO catalysts under otherwise identical conditions. For cycling experiments, concentrated stock 
OII was repeatedly added to maintain the initial OII concentration (20 ppm) before each run. The total 
organic carbon (TOC) of treated solutions was determined at the end of experiment using a Shimadzu 
TOC-Vcsh Analyzer. HPLC technique was used to follow OII concentration-time profiles.  
3. Results and discussion 
3.1 Catalytic activity 
Fig. 1 shows the catalytic activity of MeSrCuO and the blank sample SrCuO. Both Mg and Ce 
containing catalysts exhibited superior catalytic activity (97%) for OII degradation than that of the 
blank sample SrCuO (90.5%) (Fig. 1a). Hence, by adding Mg or Ce to the SrCuO, the catalytic 
activity improved. This is supported by the single metal oxide results (see appendix - Fig. A1), 
showing that MgO and CeO2 reached 22% and 35% OII reduction in 120 min reaction. It is 
noteworthy that the majority of the OII degradation occurred within the first 5 min, a clear 
indication of very fast kinetics as compared to conventional Fenton-like iron oxide catalyst which 
take up to 30 min to reach 62% [32] and 90% [33] degradation. The OII degradation is confirmed 
by UV-vis results in Fig. 1b, where the absorbance intensity of almost all characteristic peaks of OII 
decreased after 30 min. For instance, there are five characteristic absorption bands in the UV-Vis 
spectrum of OII solution with a high intensity band hydrazone at 485 nm and a shoulder azo at 430 
nm, in addition to benzene ring at 230 nm,  naphthalene ring at 310nm [34, 35] and aromatic amines 
at 254 nm [36]. There was a significant reduction in the absorbance intensity at 485 nm, indicating 
the destruction of the azo group. However, a peak at ~ 260 nm remained after reaction, suggesting 
the presence of organic compounds such as by-products of the degradation of OII.  
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Fig. 1. Normalized OII concentrations (a) and corresponding UV-vis spectra of initial and treated 
OII solutions after 30 min by MeSrCuO (Me= Mg and Ce) and blank sample SrCuO. Experimental 
conditions: [OII]0=20 ppm, [catalyst]=1 g L
-1
, T=20 °C, in the dark and under stirring. 
 
 
Fig. 2. FTIR spectra of (a) OII, (b) spent CeSrCuO, (c) blank CeSrCuO, (d) spent MgSrCuO, and (e) 
blank MgSrCuO. 
 
Although Fig. 1 demonstrates that OII was indeed degraded by the catalysts, it is not clear whether 
and how much physical adsorption of OII on surface contributed to the concentration decrease after 
catalysis. Therefore, FTIR analysis was carried out to investigate the potential adsorption of OII on 
spent (after catalysis) MeSrCuO surfaces as displayed in Fig. 2. Notably, the characteristic peaks 
[37] of OII at ~1124, 1180, and 1032 cm
-1
 cannot be observed for spent MeSrCuO, in addition to 
other feature peaks. These results strongly suggest that OII adsorption on catalyst surface was 
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negligible during the catalytic reaction. The two strong peaks at ca. 1468 and 855 cm
-1
 for both 
spent and blank (exposed to water only) MeSrCuO can be attributed to carbonates probably due to 
the presence of atmospheric carbonates or formed carbonates after reaction [38]. The weak peak at 
~3700 cm
-1
 for both spent and blank MgSrCuO is attributed to Mg(OH)2 [39] that was formed 
during exposure to water. 
 
TOC test was conducted to evaluate the mineralization ability of both catalysts toward OII (Fig. 3), 
including a binary SrCuO catalyst for comparison. Despite the fast degradation kinetics of OII (Fig. 
1a), TOC removal during OII reaction was minor (<12%). This is in line with the UV-vis results in 
Fig. 1b which show that organic compounds remained after the reaction. These results strongly 
suggest that azo bonds (-N=N-) were broken during the reaction, as evidenced by the visual colour 
change from darkish yellow for the initial OII solution to clear for the treated solution (see appendix 
Fig. A2) as reported elsewhere [40]. In other words, there is a clear indication that both catalyst are 
very effective in breaking the azo bonds and generating by-products. 
 
Fig. 3. TOC removal efficiency of OII by Mg0.5Sr0.5CuO, Ce0.5Sr0.5CuO and SrCuO after 120 min. 
Experimental conditions: [OII]0=20 ppm, [catalyst]=1 g L
-1
, T=20 °C, in the dark and under constant 
stirring. 
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The decay of OII concentration by both catalysts was followed by HPLC as a function of time (Fig. 4). 
All eluted species had retention times under 2 min. The peak at the retention time of 1.8 min 
corresponding to the parent compound OII diminished sharply on the HPLC curves of treated OII 
solution, in line with the trends observed in Fig. 1b. With the rapid depletion of OII, byproducts were 
detected at the retention time of 1.1 and 1.2 min. The UV-vis spectra of eluted species in treated OII 
solutions after 15 min (MgSrCuO) and 30 min (CeSrCuO) are shown in Fig. 5a and Fig. 5b, respectively. 
It can be seen that new distinct UV-vis spectra are present in treated OII solutions, indicating the 
formation of byproducts after the reaction. This agrees with UV-vis results (Fig. 1) and TOC result (Fig. 
3). Overall, combining the results of UV-vis spectra, TOC and HPLC analysis, OII was readily 
decomposed by doped SrCuO in the dark at 20 °C with the synchronous generation of byproducts due to 
the cleavage of azo bonds, leaving organic carbon unmineralized by the end of reaction. The above 
results indicate that the destruction of the conjugated structure of OII is the major degradation step. 
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Fig. 4. HPLC chromophores of OII solutions vs. retention time for (a) MgSrCuO and (b) CeSrCuO. 
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Fig. 5. UV-vis spectra of eluted species by (a) Mg0.5Sr0.5CuO and (b) Ce0.5Sr0.5CuO at the retention time 
(RT) of 1.0 and 1.2 min. 
 
The stability and recyclability of a heterogeneous catalyst is one of the important indexes for practical 
application. Therefore, both catalysts were tested for five consecutive recycling runs of OII degradation 
and results are shown in Fig. 6. The time for each run is set as 1h as OII was almost completely 
removed after 1h. Both catalysts suffered from a gradual decrease in the catalytic activity at each 
subsequent cycle. However, it should be noted that both retained relatively high removal efficiency of 
OII after five cycle runs (43% for MgSrCuO and 37% for CeSrCuO). These results are much higher than 
those for the conventional iron oxide Fenton-like catalyst which tend to be fully catalytic inactive at the 
5
th
 cycle [41, 42] due to the passivation of the active sites Fe2+ to non-active Fe3
+
. Therefore, the 
decrease in catalytic activity might be due to the loss of active sites as adsorption was negligible as 
determined in Fig. 2. Furthermore, the degradation efficiency of OII by MgSrCuO was always 
higher than that by CeSrCuO from cycle 2 onwards. More specifically, the difference in degradation 
efficiency was insignificant in the first cycle of 0.03% though it increased significantly at each 
subsequent cycle up to 17.1% at the fourth cycle. The results suggest that the surface of MgSrCuO 
is less susceptible to deactivation than that of CeSrCuO. 
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Fig. 6. Cycling performance of MgSrCuO and CeSrCuO for OII degradation. Experimental conditions: 
[OII]0=20 ppm, [catalyst]=1 g L
-1
, T=20 °C, in the dark and under constant stirring. 
3.2 Structural and morphological analysis 
The as-synthesized Mg0.5Sr0.5CuO and Ce0.5Sr0.5CuO samples were first characterized by X-ray 
diffraction (XRD). As displayed in Fig. 7, the XRD patterns of both samples display strong and 
sharp diffraction peaks, indicating a high degree of crystallinity. Mg0.5Sr0.5CuO is indexed to two 
phases assigned to SrCu2O3 (PDF 00-039-0250) and MgO (PDF 04-009-5447). XRD patterns of 
Ce0.5Sr0.5CuO are assigned to Sr8Cu13O22.6 (PDF 00-045-0049) and CeO2 (PDF 04-013-4361). 
Multicomponent samples were prepared instead of a single phase probably owing to the mismatch 
of cation sizes. 
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Fig. 7. XRD patterns of as-prepared Mg0.5Sr0.5CuO and Ce0.5Sr0.5CuO samples. 
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SEM images in Fig. 8 show the morphologies of Mg0.5Sr0.5CuO and Ce0.5Sr0.5CuO samples. A 
representative SEM image of Mg0.5Sr0.5CuO shows a dense surface with randomly distributed 
micron-sized particles (1-10 μm) (Fig. 7a). Ce0.5Sr0.5CuO is dominated with disperse particles with 
the longest dimension ranging from 1 to 8 μm (Fig. 8b). Overall, SEM imaging shows non-porous 
structures dominated by large inter-particle spacing. This is consistent with N2 adsorption-
desorption isotherms (Fig. S3) showing low adsorbed volume at low relative pressure (i.e., non-
porous) and the increased volume at high relative pressure (i.e., inter-particle space). The surface 
areas were below 2 m
2
 g
-1
, consistent with non-porous particulate materials. 
 
Fig. 8. SEM images of as-prepared (a) Mg0.5Sr0.5CuO and (b) Ce0.5Sr0.5CuO. 
 
To shed more light on the reduced catalytic performance observed in Fig. 6, XPS was carried out to 
determine the chemical states of metals and relative amounts of elements on metal oxide surface. 
Fig. A4 (see appendix) displays the XPS survey spectra for both pristine (i.e., as synthesized and 
not tested by OII degradation) samples. The XPS spectra of pristine/spent (i.e., catalytic tested) Cu of 
MgSrCuO and CeSrCuO and pristine/spent Ce in CeSrCuO are shown in Fig. 9. Deconvolution of Cu 
2p3/2 XPS spectra demonstrates the coexistence of Cu
1+
 and Cu
2+
 for both pristine and spent 
MgSrCuO and CeSrCuO (Fig. 9a and Fig. 9b). The peak at ~934 eV can be identified as Cu
2+
 species 
and the peak at ~ 932.9 eV as Cu
1+
 species [43, 44]. The appearance of a shakeup satellite peak (denoted 
as Sat.) centered at ~942.6 eV confirmed the presence of paramagnetic Cu
2+
 ions [44]. The high-
resolution XPS spectra of Ce in pristine/spent CeSrCuO are shown in Fig. 9c. The two pairs of spin-
orbit doublets ((v0, u0), (v, u)) represent the presence of Ce
3+
. The other three pairs ((v, u), (v, u), 
(v, u)) are characteristic peaks for Ce4+ [45].  
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Fig. 9. High-resolution XPS spectra of Cu for pristine/spent in (a)  MgSrCuO and (b) CeSrCuO (b): 
and (c) Ce for pristine/spent CeSrCuO. 
 
The relative concentrations of Cu
1+
 and Cu
2+
 species present on the outer surface (5-10 nm) of pristine 
and spent materials are displayed in Table 1 and were calculated based on integrated areas via Eqs. 1-2 
[46]: 
       
  
   
    Eq. (1) 
       
    
   
    Eq. (2) 
where A is the total integrated area of the main peak; B is the integrated area of the whole shakeup 
satellite peak; A1 is the integrated peak area contributed by Cu
1+
 species and A2 is the integrated peak 
area contributed by Cu
2+
 species; A1+A2=A. The results in Table 1 clearly indicate that the relative 
concentration of Cu
1+
 for spent materials increased after the reaction compared their counterparts in 
pristine materials. This suggests Cu
2+
 underwent irreversible reduction reaction during OII degradation. 
The relative concentration of Ce
3+
 before (15.33%) and after (10.84%) reaction was calculated using 
methods reported elsewhere [47]. These results also confirm changes of CeO2, though in the opposite 
direction of CuO reduction, as  Ce
3+
 oxidized by losing electron to form Ce
4+
. 
 
Table 1. Relative concentrations of Cu
1+
 to (Cu
2+
+ Cu
1+
) in pristine and spent samples. 
Materials MgSrCuO CeSrCuO 
Cu
1+
/(Cu
2+
+ Cu
1+
) 
Pristine 6.04% 6.86% 
Spent 14.64% 12.34% 
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3.3 Degradation mechanism 
The catalytic degradation mechanism of OII using MgSrCuO and CeSrCuO was investigated by 
exploring the effects of active species potentially involved in the catalytic process using radical 
scavengers. Scavengers were added to OII solutions before the addition of catalysts. EDTA-2Na (10 
mM) was adopted as a chelating agent to rule out the formation of reactive species by chelating 
with transition metal ions (e.g., Cu) on catalyst surface [48]. As can be seen from Fig. 10, the 
degradation efficiency of OII is close to ~100% within the first 30 min for both MgSrCuO and 
CeSrCuO without scavengers. In the presence of EDTA-2Na, the reaction is significantly 
suppressed as OII degradation was less than 5%. This result shows that OII could not access the 
surface of the catalyst due to the chelating action of EDTA-2Na. In other words, this result strongly 
suggests that the breakdown of azo bonds took place via OII molecules contacting with the surface 
of the catalyst. The addition of hydroxyl radical (OH) quencher KI (10 mM) and electron (e-1) 
quencher AgNO3 (2.5% w/v) inhibited OII degradation remarkably as well, indicating OH and e
-1
 
played an important role in OII degradation.  
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Fig. 10. Radical quenching effect on OII degradation using (a) MgSrCuO and (b) CeSrCuO. Experiment 
conditions: [OII]0=20 ppm, [catalyst]=1 g L
-1
, T=20 °C, in the dark and under constant stirring. 
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Based on the analysis of all characterization and experiment results, potential degradation mechanism of 
OII by MgSrCuO and CeSrCuO is proposed as schematically shown in Fig. 11. Under dark conditions, 
OII molecules contacted the surface of MgSrCuO and CeSrCuO as per Eq. 3. As the surface of these 
metal oxides are catalytically active, the first step in the reaction is the breakdown of the azo bonds 
(Eq. 4) which is supported by the results in Fig. 1. This reaction causes the release of electrons 
which tend to react with O2 (Eq. 5), leading to the generation of a series of reactive species (Eqs. 6-8). 
The formation of electrons and hydroxyl radicals has been ascertained by radical quenching experiment 
(Fig. 10).  Hydroxyl radicals resulted in the degradation of OII/OII
+
 (Eq. 9), the generation of by-
products as confirmed by the HPLC results (Figs. 4-5) and partial mineralization based on TOC analysis 
(Fig. 3). This formation of hydroxyl radicals was also reported when using SrCeFeO [13] and CaSrCuO 
[24] were used as catalysts for OII degradation in the dark.  
                                 Eq. (3) 
                                Eq. (4) 
        
           Eq. (5) 
  
         
           Eq. (6) 
    
                 Eq. (7) 
      
                 Eq. (8) 
                               Eq. (9) 
                                     Eq. (10) 
                              Eq. (11) 
 
A first parallel mechanism is the reduction of Cu2+ to Cu+ (Eq. 10) which was confirmed by 
the XPS results (Fig. 7 and Table 1). This proves that Cu2+ in both MeSrCuO (Me = Mg or Ce) is 
the active site as supported by the decline in catalytic activity after each subsequent cycling 
test (Fig. 6). Hence, this parallel mechanism provides a second non-catalytic degradation 
pathway for OII. In addition, as electrons are consumed by MeSrCuO during the degradation of 
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OII, this reduces the ability of the reaction to generate hydroxyl radicals. This explains that the 
mineralization was partial only as ascertained by TOC analysis (Fig. 3). This first parallel 
mechanism is associated with MgSrCuO, where Cu was reduced, whilst Eqs 3-9 are applicable 
to the degradation of OII. 
 
 
Fig. 11. Schematic presentation of potential reaction mechanisms involved in the degradation 
of OII by MgSrCuO and CeSrCuO. 
 
A second parallel mechanism is the oxidation of Ce3+ to Ce4+.These results are quite 
interesting as the CeSrCuO catalyst should be in principle neutral by generating and also 
consuming electrons whilst MgSrCuO was consuming electrons. Contrary to this, the MgSrCuO 
catalysts was more active than the CeSrCuO based on the TOC removal (Fig. 3) and the cycling 
results (Fig. 6). In other words, the Ce-containing catalyst should be more active than the Mg-
containing catalyst. Calculations from the XPS spectra showed the relative content of Ce3+ 
(Ce2O3) of 15.33% pre-reaction decreased to 10.84% post-reaction, thus confirming the 
partial oxidation to Ce4+ (CeO2). Ce2O3 has been reported to scavange hydroxide radical ( OH) 
as per Eq. 11 [49]. As the CeSrCuO is consuming a reactive species, then this explains the 
lower TOC removal and cycling results as compared to the MgSrCuO catalyst. 
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4. Conclusions 
Metal oxides Me0.25Sr0.25Cu0.5O (Me=Mg and Ce) degraded OII in the dark at room temperature 
without additional reagents and energy/light irradiation. The materials proved to have excellent 
catalytic activity and fast kinetics with more than 95% OII degradation occurring within the first 5 
min. The surface of MeSrCuO was catalytically active for the breakdown of azo bonds of OII dye, 
leading to the generation of electrons. Subsequently, the electrons reacted with O2 from the aqueous 
solution, resulting in the formation of reactive species (e.g., •OH) which are responsible for OII 
degradation. This reaction pathway resulted in the formation of clear solutions, a confirmation that 
the azo bonds were destructed, though generating by-products as confirmed by HPLC analyses. 
Further, mineralisation was only partial, indicating that not all electrons could lead to the formation 
of hydroxyl radicals. XPS analyses confirmed that the reduction of Cu
2+
 from the pristine sample to 
Cu
1+
 in the spent sample, thus consuming electrons and providing a non-catalytic pathway. 
Therefore, Cu
2+
 in MeSrCuO proved to be the active phase for OII degradation. 
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Fig. A1. OII degradation by MgO and CeO2 after 2h. Experimental conditions: [OII]=20 ppm, 
[Catalyst]=1 g L
-1
, T=20 °C, in the dark and under constant stirring. 
 
 
Fig. A2. Colour intensity variation of OII solution after treatment for 30 min by MgSrCuO and 
CeSrCuO. Experimental conditions: [OII]=20 ppm, [Catalyst]=1 g L
-1
, T=20 °C, in the dark and 
under constant stirring. 
 
Fig. A3. N2 adsorption-desorption isotherms of MgSrCuO and CeSrCuO. 
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Fig. A4. XPS survey spectra of MgSrCuO (black) and CeSrCuO (red). 
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Highlights 
  Ceramic Metal oxides Me0.25Sr0.25Cu0.5O (Me=Mg and Ce) degraded OII in the dark. 
  Excellent catalytic activity and fast kinetics > 95% OII degradation within 5 min. 
  Azo bonds were broken down, generating electrons, reacting with O2 and forming •OH. 
  Electrons also consumed in the reduction of Cu2+ to Cu1+ in the spent sample. 
  Cu2+ in MeSrCuO proved to be the active phase for OII degradation. 
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